Slicing and Slice Cultures 147
Within 4 hours of lights off, animals were sacrificed by cervical dislocation and the brain 148 removed. SCN slices of 200-μm were made, and the SCN further isolated by scalpel cut under a 149 dissecting microscope. Slices were transferred to a 6-well plate with cell culture membrane 150 insert (Millipore, PICMORG50) and 1.2-mL of slice culture media. Slice chambers were sealed 151 with a coverslip and vacuum grease and placed into an incubated light-tight inverted microscope 152 (Zeiss Axioskop). Luminescence was detected using an intensified CCD (Stanford Photonics) 153 controlled by μ -Manager recorded for 2' every 10' for at least 1 week.
Luminescence recordings were analyzed using Fiji and R. OME-TIFF files from μ -Manager were 156 opened in Fiji and smoothed using a two-frame minimization (frame rate reduction from 6/hour 157 to 3/hour). A 102x102 grid of 10x10-pixel (5.175 x 5.175 μ m) ROIs was overlaid on the images 158 and brightness measured for each of these 10,404 ROIs measured for every frame. These grid 159 measurements were then exported to R for further analysis. The first 8 hours of recording were 160 excluded from peak-finding to prevent slicing artifacts from interfering with measurements. First, 161
the ROIs comprising the SCN were identified by using pixels within the top 50% of brightness. 162
The timing of each peak of luminescence was then detected for each ROI and used to calculate 163 the initial phase. To examine the persistent encoding of photoperiods and T cycles in vivo, as represented 175 by entrained phase angle (ψ) and after-effects in activity duration (α) and free-running period (τ), 176 we exposed mice to six different light schedules consisting of combinations of short or long 177 photoperiod and short, standard, and long T cycles (T23 Long, T23 Short, T24 Long, T24 Short, 178 T26 Long, T26 Short). Following 14-28 days of exposure to these light schedules (see 179 Methods), animals were transferred into constant darkness (DD) for 7 days. Based on previous 180 studies examining the after-effects of T cycles (Azzi et al., 2014 (Azzi et al., , 2017 First, if after-effects in these rhythm characteristics were strictly dependent on the duty 185 cycle of the light interval, then the groups would segregate into two levels, corresponding to long 186 or short photoperiods, regardless of T cycle ( Figure 1A) . A primary influence of the photoperiod 187 could indicate a parametric effect of the total light duration per cycle and/or a non-parametric 188 effect from the phase shifts caused by light onset and light offset. Second, if plasticity is strictly 189 dependent on net daily phase advances or delays driven by entrainment to the T cycles, then 190 the measurements would segregate into three groups based on T cycle ( Figure 1B ). This 191 pattern of results would most readily suggest that after-effects were induced by non-parametric 192 effects of the daily entraining phase shifts induced by the T cycles. Third, significant main 193 effects of both T cycle and photoperiod would result in after-effects with each of the 6 groups 194 having a characteristic level ( Figure 1C ), while interactions between T cycles and photoperiod 195 would produce many possible variations of the pattern in Figure 1C .
Indeed, ψ of locomotor rhythms relative to projected ZT12 of the previous light:dark cycle 197 (see Methods) was strongly influenced by both T cycle length and photoperiod length, with a 198 significant interaction between these two main effects ( Figure 2B ). As T cycle length increases, 199 ψ becomes more advanced. Within each T cycle, the short photoperiod version produces a 200 more delayed ψ than its long photoperiod counterpart, but the difference between the two 201 photoperiods decreases as T cycle length increases. This pattern resembled the example in 202 Figure 1C , with the interaction providing an additional layer of complexity. In contrast to the 203 multifaceted inputs to ψ , we found that photoperiod was the sole significant influence on 
Ex vivo SCN after-effects 252
Using ex vivo imaging of PER2∷LUCIFERASE (PER2∷LUC) rhythms following 253 entrainment to the same six light schedules described above, we investigated the effects of 254 photoperiod and T cycles on plasticity of the SCN pacemaker. We housed heterozygous 255 PER2∷LUC animals in identical conditions to our complete photoperiod in vivo experiments, 256 including running wheels, and collected SCN slices from the animals after 14-28 days of 257 exposure to each of the light schedules described above. Slices were collected within 4 hours of 258 lights off, maintained in organotypic culture, and PER2∷LUC luminescence recorded ex vivo for 259 5-7 days (see Methods). Slice recordings were analyzed by detecting peak PER2∷LUC 260 expression in each of a 102 x 102 grid of sub-cellular (~5 x 5 μ m) regions of interest (ROIs) 261 spread across the entire SCN image. These PER2∷LUC peak times were then used to calculate 262 and map σ ( Figure 5A ), while the average PER2∷LUC luminescence profile over time was 263 used to calculate SCN τ . 264
We found that the ψ of SCN PER2∷LUC rhythms (relative to projected ZT12 of the 265 previous light cycle) was significantly influenced by both T cycle and photoperiod, with a 266 significant interaction between the two factors ( Figure 5B ), similar to the ψ of locomotor rhythms. 267
As T cycle length increases, SCN ψ also becomes more advanced, and within each T cycle the long photoperiod is more advanced than the short. Again, like the in vivo ψ , the ex vivo ψ 269 featured a narrowing difference between long and short as T cycle length increases. Similarly, 270 mirroring in vivo α , we found that the photoperiod modulated the degree of synchrony of 271 PER2::LUC rhythms within explanted SCN (σ , Figure 5C ), with increased phase dispersion in 272 long photoperiods compared to short. However, we also found a significant main effect of T 273 cycle length on the SCN 
Comparison of in vivo and ex vivo responses 329
We found that ψ is strongly influenced by T cycle and photoperiod length, both in vivo 330 ( Figure 2B ) and ex vivo ( Figure 5B) , with a significant interaction between T cycles and 331 photoperiod in setting subsequent We found that behavioral τ after-effects are significantly influenced by both T cycle and 352 photoperiod length, but that the T cycle influence is of greater statistical significance and effect 353 size ( Figure 2D ), suggesting that the T cycle input to τ after-effects is more robust. Our results 354 with skeleton photoperiods in vivo support this notion, as we did not observe significant τ after-355 effects with skeleton photoperiods ( Figure 4D ). Previous studies have described there is no clear consensus in the literature as to whether SCN regional phase differences 402 mediate τ after-effects. 403
We also observed the anticorrelation of ex vivo SCN τ after T cycle entrainment in vivo, 404 as well as a variety of regional σ across our experimental conditions that included examples of 405 ventral core phase lead in response to short T cycles (see T23 Long in Figure 6 ) similar to Azzi (ventral core vs. ventromedial) may be explained by slice position on the rostral caudal axis of 409 the SCN. Azzi et al. (2017) show that taking sections more caudal in the SCN changes the 410 regional phase pattern from ventral core grouping to a ventromedial grouping similar to Buijink 411 (2016) . We speculate that we may not have controlled well enough for slice depth, resulting in 412 our observation of variations of both patterns in our data. In addition, part of the confound regarding previous ex vivo SCN T-cycle after-effects appears to 420 be a bias in the reporting of SCN regional rhythms by the standard PER2::LUC reporter that 421 more highly weights τ of the dorsal region (Azzi et al., 2017) . In any case, the lack of 422 correspondence between in vivo and ex vivo T-cycle τ after-effects in the SCN makes it difficult 423 to attribute ex vivo findings of regional patterns or mechanisms to the in vivo case, although the 424 system can be used to study SCN ex vivo reorganization and its mechanisms (Azzi et al., 2017) . Length p < 0.0001 (56.17%), Photoperiod Length p = 0.0087 (3.778%). Two-way ANOVA results 599 represent p value and percent variation (p < 0.0001 ****, p < 0.001 ***, p < 0.01 **, p < 0.05 *). T23 Long, 600 n = 10; T23 Short, n = 12; T24 Long, n = 12; T24 Short, n = 12; T26 Long, n = 6; T26 Short, n = 14. 
623
Interaction p = 0.0052 (8.185%), T Cycle Length p < 0.0001 (49.47%), Photoperiod Length p < 0.0001 624 (24.94%). C, σ (median absolute deviation of PER2∷LUC peak times) across SCN slices from animals 625 entrained to each of the specified light schedules. Interaction p = 0.7168 (1.433%), T Cycle Length p = 626 0.0353 (15.89%), Photoperiod Length p = 0.0114 (15.42%). D, τ of the PER2∷LUC rhythm over 5 cycles 627 ex vivo. Interaction p = 0.4104 (4.109%), T Cycle Length p = 0.0111 (23.40%), Photoperiod Length p = 628 0.4151 (1.529%). Two-way ANOVA results represent p value and percent variation (p < 0.0001 ****, p < 629 0.001 ***, p < 0.01 **, p < 0.05 *). T23 Long, n = 6; T23 Short, n = 4; T24 Long, n = 6; T24 Short, n = 8; 630 T26 Long, n = 7; T26 Short, n = 6. Figure 6. PER2∷LUC after-effects following entrainment to skeleton long and short photoperiods
